■ INTRODUCTION
Transition metal complexes catalyze many important chemical reactions used to prepare molecules ranging from small commodity chemicals to complex, medicinally important natural products. 1 Fundamental studies on the synthesis and reactivity of organometallic complexes have created the framework on which new catalytic processes are developed. These studies have shown that the ligands in these catalysts modulate reactivity and selectivity via the electronic properties of the donor atom(s) and the particular steric environment that the ligand creates around the metal. Consequently, the expanding utility of this class of catalyst is inseparable from the development and iterative modification of organic ligands.
An alternative class of organometallic complexes to those containing ligands based on small molecules could exploit the intricate and highly structured coordination sphere of natural metalloproteins. Unlike many organic ligands, diverse proteins that bind metals can be prepared conveniently in a single step via recombinant expression, consistently purified in a single step by affinity chromatography, and rapidly derivatized by a variety of well-established mutagenesis techniques. 2 Due to these properties, protein-derived ligands could enable a strategy to control organometallic reactivity that complements that based on the more typical selection of small organic ligands. Ultimately, this strategy would include the efficient, directed evolution of a protein ligand most suited for the desired substrate and transformation. 3 Organometallic complexes containing abiotic metals directly coordinated to proteins are a subset of the growing field of artificial metalloenzymes. 4, 5 Most frequently, artificial metalloenzymes have been prepared by a strategy in which a known transition metal complex is anchored within a protein scaffold in a covalent or supramolecular fashion. 6−9 This strategy is distinguished by the fact that complete complexes of known catalytic activity are incorporated into the system; however, in this case the native binding site of the protein must be sufficiently large to accommodate an entire organometallic complex, and although the binding or attachment site of an anchoring group may be well-defined, the catalytic metal center does not necessarily fall within the native binding pocket of the protein host. Thus, the application of apo metalloproteins as ancillary ligands for organometallic complexes is a comple-mentary tactic in which the artificial metal is positioned directly in the native binding pocket of the protein.
Although the number of examples in which metal complexes ligate a protein as the primary ancillary ligand and the resulting complex serves as a catalyst are limited, these reports nevertheless validate that protein-derived ligands have the potential to impose selectivity in catalytic reactions. 10−12 In one case, apo-ferritin has been shown to bind approximately 58 Rh fragments and the resulting protein to catalyze size-selective polymerization of phenyl acetylene. 10a In another case, apocarbonic anhydrase II was reconstituted with manganese to create an enantioselective artificial epoxidase. 11a The same approach was then used to create carbonic anhydrase analogues containing rhodium in place of zinc. The resulting protein is reported to catalyze hydrogenation and regioselective hydroformylation reactions.
11b,c Compared to ferritin, apo-carbonic anhydrase is simpler because the natural protein binds a single metal center; however, the binding location and coordination environment of the Rh center in the carbonic anhydrase analogue were not directly characterized in these studies.
11b,c In fact, the complete, solution-state characterization of the metal center of a discrete, artificial organometallic protein has never been reported.
To create the foundation for further development of such systems, it is essential to synthesize discrete organometallic proteins and to fully characterize the number of metal fragments bound to the protein, the site to which the protein is bound, and the number and identity of the amino acids bound to the metal. If well-characterized complexes can be generated, the elementary reactivity of protein-ligated metal centers can then be observed, understood, and modulated to create the type of fundamental information that has fueled the development of small-molecule organometallic catalysts.
The synthesis and characterization of such an organometallic protein is challenging. Preparing such complexes in high yield, determining which amino acid residues bind the metal, and monitoring the reactions of small molecules at the site created within a large protein require the judicious combination of methods used to characterize both organometallic complexes and proteins. Indeed, stoichiometric reactions of an abiological organometallic center bound to a protein ligand have not been observed directly.
We report the efficient synthesis and characterization of a series of discrete, well-defined organometallic complexes that ligate carbonic anhydrase through two of the three histidines of the native Zn-binding site. Methods to determine the extent and location of metal binding in a general fashion have been demonstrated, and the conversion of one organometallic protein to a second organometallic protein by the simultaneous cleavage and formation of metal−carbon bonds has been observed directly using these methods. Furthermore, we show that the structure of the protein surrounding the organometallic center controls the rates and products of these reactions in a manner that would be challenging to achieve using smallmolecule ligands.
■ RESULTS AND DISCUSSION
Synthesis of Discrete Organometallic Proteins. To generate protein-derived ancillary ligands suitable for coordinating organometallic fragments in a defined manner, we followed the documented approach of removing native metals from natural metalloproteins (Figure 1) . 11 The ligand substitution reaction of the resulting apo protein with an organometallic fragment presents a series of challenges that are not encountered when conducting analogous preparations of small organometallic complexes. In particular, the separation of apo and metal-bound proteins and the separation of proteins in which the metal is bound to different sites are impractical. Therefore, the generation of discrete artificial organometallic proteins requires high-yielding and site-specific metalations. To develop such a reaction, efficient methods are needed to identify the metal precursor, reaction conditions, and protein mutants that form single complexes in high yield. X-ray crystallography, non-native mass spectrometry, and metal analysis are the predominant methods used to characterize artificial metalloenzymes, 4,5 but these methods, respectively, are too slow to evaluate the yields for formation of potential organometallic proteins and reactions of them, release the metal due to denaturation, and are silent concerning the binding site. Furthermore, X-ray crystallography cannot be used to characterize metalloprotein species that are unstable over time, such as the Rh proteins described in this study. Therefore, we sought alternative, solution-state methods that efficiently reveal the site-specificity of metal binding.
Initially, we explored methods to generate and characterize protein-ligated transition metal complexes using a mutant of human carbonic anhydrase II (CA). CA is an enzyme that binds zinc through three histidines, 13 and these strongly coordinating imidazole units could mimic classic polydentate ligands of organometallic complexes once Zn is removed to generate the apo-CA. 14 The mutant we studied (3*His-CA) lacks three surface histidine residues (Supporting Information Figure S1 , Table S1 ) that could interfere with binding of the organometallic fragment to the original Zn binding site.
Although the combination of Rh precursors and apocarbonic anhydrases has been previously reported, 11b,c the metalation protocol that was employed is not suitable for efficient evaluation of a wide range of metal precursors. Previously, apo-carbonic anhydrase was dialyzed against a buffer solution that contained orders of magnitude excess rhodium compound. The elimination of excess Rh metal from the buffer and the de-coordination of Rh bound outside the Zn site were achieved by subsequent dialysis against Rh-free buffer. Beyond the impracticality of employing such a large excess of precious metal complexes, this method is limited to metal precursors with high water solubility and to those for which site-selective de-coordination of ligated metal fragments is possible.
To create an alternative, more practical, and general method to form organometallic proteins rapidly, we evaluated direct metalations involving the addition of nearly stoichiometric amounts of an organic stock solution of the appropriate rhodium precursor to a buffered solution of apo-CA.
To determine the selectivity of the noble metal fragments for coordination to the native Zn-binding site of CA, rather than the protein surface, we exploited the known hydrolysis of 4-nitrophenyl acetate catalyzed by cobalt-CA to produce 4- 15 Following the addition of a noble metal complex to the apo form of 3*His-CA (apo-3*His-CA), CoCl 2 was added to convert the remaining apo-CA to Co-CA. The amount of protein with noble metal coordinated at the Zn site would then correspond to the difference between the amount of apo-CA at the start of the reaction and the amount of Co-CA determined by the hydrolysis assay. This assay can be conducted with only 10 μg of protein in a 96-well format in 5 min, allowing the rapid assessment of different metal precursors, reaction stoichiometries, organic so-solvents, buffers, and other parameters. This method for assessing metal binding should be applicable to many other metalloprotein scaffolds for which activity or metal binding can be evaluated with a colorimetric assay. 16 With this assay, we evaluated the binding of a series of 16-electron Rh(I) precursors for which small-molecule organometallic chemistry has been established and ligand substitution is often facile. 17 The addition of 1 equiv of [Rh(cod) 2 ]BF 4 (cod = cyclooctadiene) to apo-3*His-CA led to 45% Rh occupancy of the native Zn-binding site (Figures 2a, S4 , and S5).
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Inductively coupled plasma optical emission spectroscopy (ICP-OES) revealed an average of 0.94 Rh coordinated per CA; thus, about half of this rhodium complex binds to the Zn site, and half binds to other sites on the protein. The addition of superstoichiometric [Rh(cod) 2 ]BF 4 led to higher Rh occupancy of the native zinc binding site but resulted in concomitant binding of the excess Rh elsewhere on the protein (Figures 2a and S5) . 18 Together, these methods revealed that [Rh(COD) 2 ]BF 4 undergoes ligand substitution with the apo-CA ligand, but that this reaction does not proceed with sufficient site specificity to form a discrete organometallic protein. Therefore, we sought alternative conditions to achieve more selective ligand substitution reactions that form Rh(bisolefin)-CA complexes in high yield.
Although the buffer and the surface amino acid composition had minor effects on the selectivity of this reaction ( Figure S6 , S7), the ligands on rhodium did affect significantly the ligand substitution reaction that binds the metal precursor to the Zn site of the CA (Figure 2a) 4 or Rh(CO) 2 (acac) to apo-CA resulted in the formation of a Rh-CA containing a Rh:protein ratio of approximately 1:1 ( Figure S5 ). Thus, a vast majority of these two rhodium complexes bind to the original Zn site, with little bound elsewhere on the protein.
Following this comparison of the selectivity of Rh precursors for coordination to the Zn site, the resulting Rh-CA complexes were compared by UV−vis spectroscopy. The UV−vis spectrum of the Rh-CA prepared from [Rh(nbd) 2 ]BF 4 contained an absorption band at 410 nm, which is much different from the absorption of free [Rh(nbd) 2 ]BF 4 and distinguishable from the absorption of the Rh-CA generated from [Rh(cod) 2 ]BF 4 (Figures 3 and S4) . The inequivalent spectra for the proteins generated from [Rh(nbd) 2 ]BF 4 and [Rh(cod) 2 ]BF 4 are likely due to slightly different diene ligands at the Rh center. The UV−vis spectrum of the Rh-CA protein generated from Rh(cod)(acac) matched that of the Rh-CA generated from [Rh(cod) 2 ]BF 4 , consistent with generation of the same Rh(COD) fragment at the Zn site with these two precursors ( Figure S4 ). In contrast to the low selectivity of metalation with the previously reported [Rh(cod) 2 ]BF 4 precursor, ligand substitution at the Zn site with Rh(cod)(acac) occurs with high selectivity. The UV−vis spectrum of the Rh-CA resulting from addition of Rh(CO) 2 (acac) is distinct from those of the other complexes (Figure 3) .
Together, these operationally simple and broadly applicable methods to conduct and characterize ligand substitution reactions between apo metalloproteins and noble metal complexes enabled us to identify Rh precursors that react with apo-CA site-specifically and in high yield.
Characterization of the Protein−Metal Coordination Sphere. To characterize the coordination sphere of these However, this method detects only nitrogen atoms for which exchanges of the N−H protons are slower than the NMR time scale, and it does not detect the histidine nitrogens bound to rhodium (because of the absence of a proton bound to this nitrogen). Two-bond HSQC, which requires higher concentrations and longer experiment times, detects all histidine nitrogen atoms, with or without a bound proton. Thus, we used the one-bond HSQC experiment to monitor reactions and the two-bond HSQC experiment to fully characterize the products.
The site at which the rhodium fragment binds was revealed by the differences in chemical shifts between the 15 N− 1 H HSQC spectra of 3*His-apo-CA and the analogous spectra of the product from addition of the Rh precursors to this protein.
The one-bond HSQC spectrum of apo-3*His-CA contains resonances for four of the nine histidine residues (Figure 4) . By comparing this spectrum to that of 3*His-Zn-CA, we determined that two of the four observed signals correspond to histidines in the tri-His site that binds zinc, and two correspond to histidines outside the tri-His site. Thus, if rhodium binds to the tri-His site, the chemical shift of the two tri-His signals in apo-3*His-CA should change upon addition of the rhodium complex, while those of the two signals from histidines outside the tri-His site should not change. Indeed, addition of 1 equiv of [Rh(nbd) 2 ]BF 4 to apo-3*His-CA caused only the chemical shifts of the signals corresponding to histidines in the tri-His site to change (Figures 4 and S9) . This result provides strong evidence that the Rh fragment binds to the tri-His site of CA.
The two Rh-CA proteins generated by addition of [Rh-(nbd) 2 ]BF 4 and Rh(CO) 2 (acac) to apo-3*His-CA were also distinguishable by one-bond HSQC spectroscopy. The addition of 1 equiv of Rh(CO) 2 (acac) to apo-3*His-CA generated a Rh-3*His-CA protein with a 15 N− 1 H HSQC spectrum that is distinct from that of the Rh-3*His-CA generated from [Rh(nbd) 2 ]BF 4 , as well as that of apo-3*His-CA ( Figure 5 ). These data corroborate our conclusion from UV−vis spectroscopy that these two Rh precursors generate different Rh-CA proteins. Furthermore, the ability to distinguish among different Rh-CA's rapidly in solution-state samples using a protein concentration of 0.2 mM makes this method directly applicable to the monitoring of catalytic reactions in situ, because catalysts are commonly used at this concentration or higher.
The identity of the Rh-bound nitrogens and the coordination number of the Rh in the organometallic protein were revealed by two-bond 15 N− 1 H HSQC spectroscopy. To reduce the total number of histidine signals in the two-bond HSQC spectrum, we acquired HSQC data of the mutant 6*His-CA (that lacks six surface histidine residues) instead of 3*His-CA that lacks three (3*His-CA, Table S1 ). The two-bond 15 N− 1 H HSQC spectrum of the product from addition of 1 equiv of [Rh(nbd) 2 ]BF 4 to apo-6*His-CA contains 15 N NMR signals corresponding to the four nitrogens in the two histidines bound to rhodium (Figure 6 ). The 15 N NMR chemical shifts corresponding to two of the nitrogens lie near the region in which Zn-bound nitrogens resonate in the 15 N NMR spectrum of Zn-CA, and the signals corresponding to the other two nitrogen atoms lie in the regions in which unligated histidines resonate. The spectrum of the product from addition of Rh(CO) 2 (acac) to apo-6*His also contained signals corresponding to two metalated nitrogens ( Figure S10 ). From these data, we conclude that the rhodium is bound by two histidine residues of a κ 2 -CA ligand in both Rh-CA's. To determine which two His residues ligate Rh, we prepared Rh-CA complexes from the three mutants, 3*His-H94A-CA, 3*His-H96A-CA, and 3*His-H119A-CA, each of which lacks one His residue in the metal-binding site. The UV−vis spectra of the proteins formed from adding [Rh(nbd) 2 ]BF 4 or Rh(CO) 2 (acac) to the three mutants are similar to each other and to those obtained from the apo-3*His protein ( Figures S11 and S12) . Thus, any pair of histidine residues from the original Zn-binding site is capable of coordinating the Rh fragment as a κ 2 -CA ligand. However, the resonances in the 15 N− 1 H HSQC spectra of the two proteins, Rh-3*His-H94A and Rh-3*His-CA, formed from addition of Rh(CO) 2 (acac) are identical to each other, while the resonances of the analogous proteins, Rh-3*His-H96A-CA and Rh-3*His-H119A-CA, are different from those of Rh-3*His-CA (Figures 5b and S13 ). These data show that H96 and H119 are the two histidine residues that coordinate Rh within the native tri-histidine site.
To reveal the small-molecule ligands bound to rhodium in the Rh-3*His-CA proteins, we used native nanoESI-MS. In the mass spectrum of the Rh-CA generated from [Rh(nbd) 2 ]BF 4 , a mass corresponding to Rh(nbd) + is observed, indicating that the Rh site contains one diene and one κ 2 -CA ligand ( Figure  S14 ). In the mass spectrum of the Rh-CA generated from Rh(CO) 2 (acac), masses corresponding to both Rh(CO)-CA and Rh(CO) 2 -CA were observed. These observed ions could result from a mixture of products or the dissociation of one CO ligand during the mass spectrometry ( Figure S14) .
To clarify the number of CO ligands in the Rh(CO) x -CA protein, IR, EXAFS, and 13 C NMR spectroscopy were performed. The IR spectrum contains two CO stretching frequencies, consistent with the symmetric and antisymmetric stretches of two CO ligands in equivalent or nearly equivalent environments (Figure 7a) , and the 13 C NMR spectrum contains two 13 CO signals (Figure 7b ). The EXAFS spectrum of the sample matched the predicted spectrum of Rh-(histidine) 2 (CO) 2 and poorly matched the predicted spectrum of Rh(histidine) 3 (CO) (Figure 7c , Table S2 ). Together, these data indicate that the structure of the product of the reaction of apo-CA with Rh(CO) 2 (acac) is Rh(CO) 2 (κ 2 -CA), in which the two CO ligands lie in similar but chemically inequivalent environments.
To assess the generality of these synthetic and analytical methods, we studied the reactions of apo-CA with [Ir(cod) 2 ]-BF 4 and Ir(CO) 2 (acac). As observed for the Rh analogue, the reaction of [Ir(cod) 2 ]BF 4 with apo-CA led to low occupancy of the metal-binding site, whereas the reaction of apo-CA with Ir(CO) 2 (acac) led to >95% yield of the protein containing Ir at the original Zn site ( Figure S15 ). UV−vis spectroscopy ( Figure  3 ), 15 N− 1 H HSQC spectroscopy ( Figure S16 ), and nano-ESI-MS ( Figure S14 ) were fully consistent with a protein containing an Ir(κ 2 -CA)(CO) 2 site. Thus, this set of characterizations to determine the coordination mode of an organometallic fragment bound to a protein ligand can be broadly applied to protein scaffolds expected to coordinate metals using at least one histidine residue.
Characterization of Organometallic Reactions. The methods used to characterize the structures of the artificial organometallic proteins in the solution phase were selected to be equally suited to monitor reactions of the protein-ligated organometallic complexes. Specifically, we investigated organometallic ligand substitutions of Rh(nbd)-CA that would cleave and form metal−carbon bonds in the same reaction (Figure (Figure 8c ). To ensure full conversion, the reaction was conducted with a higher pressure of CO; indeed, the reaction of Rh(nbd)-3*His-CA with 100 psi of CO formed Rh(CO) 2 -CA in 80% yield, as determined by UV−vis spectroscopy ( Figure S17 ). This reaction is the first documented stoichiometric reaction to cleave and form metal−carbon bonds within an artificial protein.
Protein-Controlled Reactivity. With our established methods to observe directly ligand substitution reactions occurring at the metal center, we investigated the potential of the protein scaffold to affect the rates and selectivities of ligand substitutions at the Rh-CA sites. The reactions of phosphines and isocyanides with Rh(nbd)-3*His-CA displace the κ 2 -CA ligand from the Rh center (Figure 8a) , and the protein scaffold can be modified to modulate both the rate and selectivity of these reactions occurring at the protein-ligated Rh. The extent of these reactions was monitored by UV−vis spectroscopy and the NPA hydrolysis activity assay (vide supra). The substitution of the κ Figure S20 ) spectroscopy. Addition of excess ZnSO 4 to the resulting apo-CA generated Zn-3*His-CA, indicating that the protein structure remained intact throughout the introduction and elimination of rhodium ( Figure S20 ). Reactions of PTA with Rh(nbd)-3*His-CA containing different mutations near the metal center indicated that the progress of this substitution reaction can be controlled by the protein structure. The proteins Rh-3*His-H94A and Rh-3*His-H94D were less reactive toward this ligand substitution than were Rh-3*His and Rh-3*His-H94C, while the Rh-3*His-H96A mutant was more reactive (Figures 8e and S21) . The dependence of the reactivity of Rh(nbd)-3*His-CA on the size of the reagent and the identity of the mutant illustrates the potential to assess directly the effects of mutations and protein structure on an elementary reaction of an organometallic protein.
Previous publications state that Rh-CA's prepared from [Rh(COD) 2 ]BF 4 and Rh(CO) 2 (acac) are active catalysts for hydrogenation and hydroformylation of stilbenes and styrenes.
11b,c However, we found that the discrete organometallic protein complexes Rh(cod)-CA, Rh(nbd)-CA, and Rh(CO) 2 -CA do not catalyze the hydrogenation or hydroformylation of a range of potential substrates for these reactions, including terminal, 1,1-disubstituted, and internal alkenes and vinylarenes. These findings suggest that the active catalyst of the previously reported systems was not a Rh center ligated at the native Zn site of carbonic anhydrase. Instead, it is more likely that these reactions are catalyzed by a dissociated Rh fragment or a fragment associated with a different site on the protein.
Most important for the current work, our efforts to synthesize and characterize discrete organometallic proteins by the methods described here permit critical assessment of catalysis by specific complexes, much like one tests the competence of a small organometallic complex to be an intermediate in a catalytic process.
■ CONCLUSION
Although the catalytic reactivity of artificial organometallic proteins has been previously documented, the potential to understand and improve this class of catalysts has been limited by the absence of methods to synthesize and characterize a range of discrete catalyst systems and to evaluate their fundamental reactivity. The synthesis, characterization, and reactivity of the artificial organometallic proteins documented in the current work demonstrate the potential to gain information on the elementary reactions of discrete organometallic protein complexes.
The expedient solution-state characterization methods presented in this work are crucial for determining the site and extent of metal binding and for evaluating the organometallic reactivity of the Rh-CA's. The efficient use of colorimetric activity assays to indirectly quantify the specificity of metal binding should be broadly applicable for the rapid assessment of a wide range of combinations of protein scaffold libraries and transition metal precursors. After a selective coordination process is identified, the binding mode of the protein ligand can be fully characterized by heteronuclear NMR spectroscopy, and the small-molecule ligands at the metal site can be identified by the combination of ESI-MS, IR, and NMR spectroscopy. Even the elementary reactions of these sites can be studied rapidly, setting the stage to reveal the ability of these macromolecular ligands to control the reactivity of the organometallic site in these artificial proteins and to create the potential to achieve selectivities beyond those observed with traditional organometallic complexes containing small organic ligands. 
